Abstract: Low cost and low energy consumption are two important issues for the upgrade of next-generation passive optical network (PON). In this paper, we experimentally demonstrated a 40-Gb/s PON downstream transmission employing interleaved single carrier frequency-division multiplexing (I-SC-FDM) modulation and joint frequency-time domain equalization. At the transmitter, low peak-to-average power ratio and low-complexity signal is generated using simplified encoding structure of phase rotation and complex-to-real transform. At the receiver, the digital signal processing is of low computational complexity since very few taps of joint equalization are needed. 10G-class optics are used both in transmitter and receiver to maintain a low-cost system. Experimental results indicate that total 28.6 dB link power budget over 20 km transmission in C-band was successfully achieved without using any optical amplifier or optical dispersion compensation fiber, which supports up to 1 : 256 optical splitter ratio in PON systems. The proposed scheme is of great reference significance in the next-generation PON systems.
Introduction
Driven by the explosive growth of bandwidth-hungry services such as cloud computing, highdefinition video, virtual/augmented reality (VR/AR), higher capacity for next-generation access network is demanded [1] . It is well-known that passive optical network (PON) based on optical power splitting has been widely used in optical access network [2] . Meanwhile, high-speed mobile fronthaul (MFH) network for the 5-th generation (5G) mobile communication systems can also be ideally implemented by PON [3] . The bitrates of PON have been upgraded from approximately 1 Gb/s to 10 Gb/s in the past 10 years by two standard-setting groups, i.e., IEEE and ITU-T [4] . Nowadays, beyond 10 Gb/s PON evolution has reached a consensus, and the next-generation 25/40/50 Gb/s PON based on existing 10G-class optics is intensively investigated [5] - [7] . However, the demands of low cost and low energy consumption push it hard for further upgrade of the bitrates. The main challenges for upgrading the bitrates of time division multiplexing PON (TDM-PON) beyond 10 Gb/s are achieving the needed optical power budget, the decreased dispersion tolerance and the bandwidth limit of the commercial 10G-class optics [8] .
Recently, to solve the mentioned challenges, single-carrier modulation formats combined with time-domain equalization (TDE) have been widely investigated for PON [9] - [11] . Feed-forward equalizer (FFE) and decision feed-back equalizer (DFE) are effectively to handle channel distortions while their computational complexity are directly related to tap numbers [12] , [13] . In addition, multicarrier modulation formats such as discrete multi-tone (DMT) have also been proposed for PON systems due to the high spectral efficiency and extra flexibility [14] , [15] . One-tap frequency domain equalization (FDE) is utilized to correct channel distortions for each subcarrier. Interleaved single carrier frequency-division multiplexing (I-SC-FDM), as a key technology for long term evolution (LTE) networks, has both single-carrier property of low peak-to-average power ratio (PAPR) and multicarrier property of bandwidth flexibility [16] . However, traditional I-SC-FDM is a complex-valued modulation format which constrains its application in intensity modulation and direct detection (IM/DD) systems. In our previous work, we firstly proposed a real-valued modulation of I-SC-FDM for optical interconnect owing to its low-complexity multiplexing structure and low PAPR [17] , [18] . However, complicated digital signal processing (DSP) was used for achieving high spectral efficiency and high-bandwidth devices were employed for supporting high bitrates beyond 100 Gb/s, which both restrict the application of I-SC-FDM in cost-sensitive PON. Here, low-cost 10G-class optics are adopted and a novel low-complexity joint frequency-time domain equalization method is proposed for I-SC-FDM transmission.
In this paper, we firstly employ I-SC-FDM modulation format and novel low-complexity joint frequency-time domain equalization for 40-Gb/s PON transmission. At the transmitter, low-PAPR I-SC-FDM signal is generated by low-complex multiplexing structure with phase rotation and complexto-real transform (C2RT). At the receiver, a frequency-time domain joint equalization is used to handle channel distortions. The proposed joint frequency-time domain equalization is compared with single FDE and TDE. We find the joint frequency-time domain equalization achieves better performance than single FDE or TDE. Moreover, very few numbers of taps are needed for joint equalization, which guarantees low computational complexity in optical network unit (ONU). Experimental results indicate that the system achieves 28.6 dB power budget without any optical amplifier or optical dispersion compensation fiber (DCF) over 20 km standard single-mode fiber (SSMF) in C-band, which supports up to 1 : 256 optical splitter ratio. The proposed I-SC-FDM scheme shows great potential in the next-generation PON systems.
Experimental Setup and DSP

Experimental Setup
The experimental setup of 40-Gb/s I-SC-FDM PON is schematically illustrated in Fig. 1 . At the optical line terminal (OLT), the electrical 16-QAM I-SC-FDM signal is generated by using a digital-to-analog converter (DAC) with 64-GSa/s sample rate, 8 bit resolution and ∼15 GHz 3-dB bandwidth. The subcarrier number of I-SC-FDM is set to 2N (N = 2048), and a 32-sample cyclic prefix (CP) is added to each 4096 samples thus each I-SC-FDM symbol includes 4128 samples. One training sequence (TS) is inserted into every 20 I-SC-FDM symbols for channel estimation. The I-SC-FDM signal is resampled to match the DAC sampling rate and the occupied signal bandwidth is 10 GHz. Then the electrical I-SC-FDM signal is amplified by an electrical amplifier (EA). A laser with maximum power output of 18 dBm is used to generate an optical carrier with a central wavelength of 1550.12 nm. A 10-Gb/s Mach-Zehnder Modulator (MZM) with 3-dB bandwidth of ∼10GHz is used to modulate the electrical signal to the optical carrier. Thanks to the high power output of the laser, the launch power can be set to 10 dBm without any optical amplifier at the transmitter. Then the modulated optical signal is launched into SSMF. A variable optical attenuator (VOA) is employed to emulate the power loss related with the optical splitter in PON systems. At the ONU, the photoelectric conversion is finished by a 3-dB bandwidth of ∼7GHz InGaAs Avalanche Photodiode (APD) with a low-noise transimpedance amplifier (TIA). Then, the received electrical signal is sampled by a 100-GSa/s real-time sampling digital phosphor oscilloscope (TektronixDPO72004C). Finally, the receiver offline processing is done with MATLAB. The following two sections will discuss the detail of DSP both in transmitter and receiver.
Simplified Generation of I-SC-FDM Signal at Transmitter
At the transmitter, traditional generation of I-SC-FDM signal needs N -point FFT and 2N -point IFFT, which has O (N log 2 N ) computational complexity [17] . Here, we employ a simplified structure to reduce computational complexity. The transformation process is shown in Fig. 2 . Firstly, the original N -point QAM symbols (e.g.16-QAM) are defined as x m and the constellation diagram is depicted in Fig. 2(a) . Then, complex I-SC-FDM signal is generated by using a simplified phase rotation and the new constellation diagram of output y m is shown in Fig. 2(b) . The mathematical expression of this transformation is as follows
Since only phase sequence e j π N m times input signal x m , the computational complexity is only O (N ). It is noted that output y has 2N -point size and anti-symmetrical property. In other words, either former N point or latter N point of y(m) possesses all of the signal information. Nextly, CP is inserted to resist inter symbol interference (ISI). Finally, C2RT is finished by extracting and reallocating the real parts and imaginary parts of signal, respectively. For the rest of this paper, I-SC-FDM refers to real-valued I-SC-FDM unless otherwise explicitly explained. Fig. 2(c) depicts the I-SC-FDM signal has sine or cosine envelope instead of Gaussian distribution, which indicates low PAPR of I-SC-FDM signal. Furthermore, we numerically compared the PAPR of I-SC-FDM with traditional DMT. At the complementary cumulative distribution function (CCDF) of 10 −3 , as seen in Fig. 2(d) , the PAPR of QPSK based I-SC-FDM is ∼11 dB lower than that of DMT while the PAPR of 8-QAM and 16-QAM based I-SC-FDM is ∼8 dB lower than that of DMT.
Low-complexity Equalizations at Receiver
In general, FDE with FFT/IFFT operation and TDE with inverse phase rotation can be used to eliminate channel distortions, respectively. Here, considering the characteristic of I-SC-FDM signal, a frequency-time domain joint equalization is proposed for further improvement of transmission performance. For joint equalization, FDE is used for pre-compensation and TDE is used to handle residual distortions. Considering performance and computational complexity, the joint equalization is compared with single FDE and TDE, respectively.
Frequency-domain One-tap Equalization:
FDE is of low computational complexity since one-tap equalization is usually adopted [19] , [20] . One-tap FDE can be simply expressed as Y = Y/H, where H is the estimated frequency-domain channel matrix by least square algorithm with training sequence, Y is the input and Y is the output of equalizer. However, ambient noise has a severe impact on the accuracy of estimated channel matrix H . As a result, intra-symbol frequencydomain averaging (ISFA) technique is used to further improve estimated channel accuracy [21] . The estimated frequency-domain channel H after the ISFA technique can be expressed as where H CE and H are the channel matrix before and after ISFA, respectively. S M W is the moving window size and is supposed to be odd. With the ISFA, the noise-induced fluctuations can be effectively removed.
Time-domain FFE-DFE:
Due to the phase rotation at transmitter, an inverse phase rotation is sufficient to convert I-SC-FDM signal to QAM signal and then TDE is employed. The mathematical transformation of inverse phase rotation can be expressed as
where y m is the received I-SC-FDM signal and x m is the recovered QAM signal. Compared with FDE, TDE doesn't need estimated frequency-domain channel information, which removes the computational complexity of FFT/IFFT. Here, TDE is done by widely used FFE-DFE. FFE is simple but is incapable of equalizing spectral nulls. Fortunately, the DFE can effectively equalize spectral nulls by pole insertion. The architecture of FFE-DFE is depicted in Fig. 3 . The distorted signal compensated by FFE-DFE can be mathematically written as
where M and N are the filter length in the forward direction and backward direction, respectively. a k and b k are feed-forward coefficients and feed-back coefficients, respectively. X (n) and Y(n) represent input and output signals, respectively. Y (n) represents decision feed-back output signal. In principle, the tap coefficients can be updated by various adaptive algorithms, such as constant multi-modules algorithm (CMMA), least mean square (LMS) algorithm and recursive least square (RLS) algorithm [22] . Here, we focus on low-complexity decision-directed LMS (DD-LMS) algorithm. The error e(k) and weight vector for adaptive DD-LMS are given by
where d(k) is the expected output, and μ is the step size.
Results and Discussions
In this section, the experimental results achieved with single FDE, single TDE and joint equalization are analyzed and discussed, respectively. Moreover, computational complexities of three equalization methods are compared. 
Frequency-domain Equalization with ISFA Technique
The performance of one-tap FDE with ISFA technique is investigated and evaluated. Fig. 4(a) shows channel characteristics before and after ISFA technique. It can be seen that numerous ambient noise causes much joggle on the estimated channel. Fortunately, the variation of channel becomes gentle after the ISFA technique because noise-induced distortions are efficiently removed. Fig. 4 (b) depicts the BER relationship versus moving window size. The results show that the BER gradually decreased as the increase of moving window size. However, the BER remains basically stable when moving window size is beyond a certain value since the smooth of channel matrix is enough. Considering computational complexity and performance, the moving window size is set to 51. Fig. 4(c) shows the measured BER performance as a function of received optical power. At the 7% FEC threshold of 3.8 × 10 −3 , the receiver sensitivities of -18.8/-18.6/-17.6 dBm are obtained for BTB/10/20 km transmission, respectively.
Time-domain Equalization of FFE and DFE
The transmission performance of FFE-DFE with DD-LMS algorithm is analyzed and discussed in this part. Fig. 5(a) depicts that ∼3000 samples are needed for equalizer initiating owing to slow convergence of LMS algorithm. Fig. 5(b) shows equalization performance with FFE-DFE at different tap numbers. The results can be summarized as: 1) FFE-DFE achieves better performance than FFE thanks to the introduction of decision feed-back information. 2) Both of FFE and FFE-DFE achieve better performance with the increase of tap numbers. Considering the tradeoff between computational complexity and performance, we choose FFE-DFE with 31 feed-forward taps and 7 feed-back taps. Fig. 5(c) represents the relationship of BER and received optical power. At the FEC threshold of 3.8 × 10 −3 , FFE-DFE (31,7) achieves -18.9/-18.7/-18 dBm receiver sensitivity for BTB/10/20 km transmission, respectively. Compared with single FDE, single TDE achieves slightly better performance. However, total 38 taps have been adopted, which possesses high computational complexity.
Joint Equalization
This part shows the experimental results of joint equalization. One-tap FDE is adopted firstly for pre-compensation of I-SC-FDM signal. Then FFE-DFE with DD-LMS algorithm is used to further eliminate residual channel distortions, thus increasing total power budget. Fig. 6 (a) depicts BER contour map with different feed-forward taps and feed-back taps. It is noted that FFE-DFE with 2 taps in the forward and 1 tap in the backward direction is enough to compensate residual distortions. Further increase of feed-forward taps or feed-back taps not only cannot improve transmission performance, but deteriorate it. Moreover, Fig. 6(b) shows only ∼200 training samples are needed for the equalizer converge. As a result, only the first 200 samples of received signal are used to initialize tap coefficients and then the equalizer is turned into a blind adaptive mode. Hence, the expense of training samples is almost negligible. The results demonstrate that cascaded FFE-DFE achieves much fewer tap numbers and quicker convergence compared to single FFE-DFE, which has benefited from the pre-compensation of one-tap FDE. Fig. 7(a) shows BER performance of BTB/10/20 km transmission versus different received optical power. On account of 10 dBm launch power and -19 dBm receiver sensitivity at the 7% FEC threshold, it accounts for an optical BTB power budget of 29 dB. After 10 km and 20 km SSMF transmission, the receiver sensitivities can be maintained as -19 dBm and -18.6 dBm corresponding to a power budget of 29 dB and 28.6 dB. Fig. 7(b) depicts the receiver sensitivity comparison with single FDE and single TDE. It's worth nothing that joint equalization achieves better receiver sensitivity gain as the increase of transmission distance. For instance, joint equalization only achieves 0.2 dB higher receiver sensitivity than FDE at BTB transmission while more than 1 dB higher receiver sensitivity is obtained at 20 km transmission. This is because residual distortions from fiber can be efficiently reduced by FFE-DFE.
Computational Complexity Analysis
Since the computational complexity directly affects power consumption and cost, we provide a fair comparison of computational complexity for the mentioned three kinds of equalization methods in this part. Considering common functions in the DSP, only functions with high computational complexity are analyzed and compared.
For single one-tap FDE, the equalization includes 2N -point FFT, N -point division of one-tap equalization, and N -point IFFT. For FFT implementation, the classical radix-2 algorithm requires (N log 2 N )/2 multiplications to address N numbers. However, 2N -point FFT has almost the same complexity with N-point FFT when half subcarriers of that are empty. Therefore, the total number of multiplications of one-tap FDE for each output is (N + N log 2 N )/N = 1 + log 2 N .
For single TDE, N -point phase rotation and FFE-DFE are employed. N -point phase rotation needs N -point multiplications. If the feed-forward taps and feed-back taps are assumed to be A and B respectively, we need (A + B ) multiplications for coefficients updating by LMS algorithm, and (A + B ) multiplications for each output calculation. Therefore, the number of multiplications of TDE for each output should be 1 + 2(A + B ).
As for joint equalization, computational complexities of FDE and TDE are included. Thus, the final number of multiplications of joint equalization for each output is 1 + log 2 N + 2(A + B ).
In our experiment, N is set to a fixed value of 2048. However, A and B are 31/7 and 2/1 for TDE and joint equalization, respectively. As a result, we need 12 multiplications for single FDE, 77 multiplications for single TDE and 18 multiplications for joint equalization. The results show that single one-tap FDE and joint equalization have similar computational complexity while joint equalization achieves better performance.
Conclusions
We have experimentally demonstrated a 40-Gb/s I-SC-FDM transmission for next-generation PON. Off-the-shelf 10G-class optics are used to maintain a low cost system. Both of the DSP at the transmitter and the receiver are of low computational complexity, which enables low power consumption of devices. Frequency-time domain joint equalization is proposed for further improving transmission performance. One-tap FDE with ISFA technique can effectively smooth channel characteristic and remove linear distortions of system. FFE-DFE with 2 feed-forward taps and 1 feed-back tap is used to eliminate residual distortions, thus further improving system power budget. Thanks to the low PAPR of I-SC-FDM signal and the effectiveness of joint equalization, we achieved 28.6 dB link power budget for 20 km fiber transmission in C-band without any optical amplification or optical dispersion compensation.
